Abstract. This study was conducted to determine the role of neuregulin 1 (NRG1)-dependent human epidermal growth factor receptor 3 (HER3) activation in trastuzumab primary resistance, and to observe the inhibitory effect of HER3 monoclonal antibody on HER2-overexpressing breast cancer cells. BT474 cells (trastuzumab sensitive) and MDA-MB-453 cells (trastuzumab resistant) were first stimulated with NRG1 and then treated with either trastuzumab, HER3 antibody, or a combination of both. The expression of phospho human epidermal growth factor receptor 2 (p-HER2), phospho human epidermal growth factor receptor 3 (p-HER3), phospho protein kinase B (p-Akt) and phospho mitogen-activated protein kinase (p-MAPK) were detected by western blotting. Apoptosis was detected by flow cytometry. Cell viability was detected by MTT assay. Without NRG1 stimulation, trastuzumab treatment significantly down regulated the expression of p-HER2, increased early apoptosis, and decreased cell viability in BT474 cells. After NRG1 stimulation, the aforementioned effects weakened or disappeared in the trastuzumab treatment group, whereas in the HER3 antibody treatment group, there was significant downregulation in p-HER3 expression and increase in early apoptosis of BT474 cells. In MDA-MB-453 cells, the HER3 antibody significantly downregulated both p-HER2 and p-HER3 and promoted early apoptosis after NRG1 stimulation, however, trastuzumab hardly played a role. p-Akt and p-MAPK were also significantly downregulated by the HER3 antibody after NRG1 stimulation. The expressions of p-HER2, p-HER3, p-Akt and p-MAPK were all downregulated after HER3 gene silencing, compared to the control. NRG1-dependent activation of HER3 induces primary resistance to trastuzumab in HER2-overexpressing breast cancer cells. HER3 monoclonal antibody combined with trastuzumab may serve as a treatment choice for patients with primary resistance to trastuzumab.
Introduction
Human epidermal growth factor receptor (HER2)-overexpressing breast cancer accounts for 20-30% of the total number of breast cancer (1) , and the HER2 expression level is as much as 100 times higher when compared to non-cancerous breast tissue (2) . HER2-overexpressing breast cancer has a higher degree of malignancy and is more prone to drug resistance than luminal A and luminal B, thus resulting in poorer prognosis and shorter survival time (3) . Trastuzumab (Herceptin) is the first targeted anti-cancer drug in breast cancer, and it brings a remarkable breakthrough in the prognosis of HER2-overexpressing breast cancer (4) . After binding to the HER2 receptor, trastuzumab inhibits the formation of HER2 heterodimers and the activation of downstream signaling pathways, which inhibits the proliferation and NRG1-dependent activation of HER3 induces primary resistance to trastuzumab in HER2-overexpressing breast cancer cells metastasis of breast cancer cells. Studies reported that patients with relapsed metastatic breast cancer have a median overall survival of up to 37.4 months and a median progression-free survival of up to 13.6 months after receiving trastuzumab combined with chemotherapy (5, 6) . Although trastuzumab has brought significant clinical benefits for breast cancer patients, primary and secondary resistance to trastuzumab has caused great confusion for clinicians and patients. The molecular mechanisms of trastuzumab resistance are poorly understood. It may be related to many factors. One factor is the absence of an effective binding site for HER2 or the destruction of molecular structure of HER2. Other possible factors include the reactivation of HER2-related or unrelated signaling pathways (7, 8) , changes in receptor function induced by the rearrangement of HER dimer axis (9) (10) (11) , the abnormal activation of the phosphatidylinositol 3 kinase/protein kinase B (PI3K/Akt) signaling pathway, or the loss of phosphatase and tensin homolog deleted on chromosome ten (12) (13) (14) .
HER3 is one of the members of HER family. The HER3 kinase domain cannot catalytically activate other kinases, due to lack of crucial residues, was once considered as a signaling substrate for other HER members. Therefore, the clinical value and research of HER3 were greatly ignored in the past. Currently, researchers found that its kinase domain possesses a specific allosteric activation function and acts as an activator kinase to activate receptor kinases (HER1, HER2, HER4) by forming heterodimers (15) . Another study revealed HER3 could automatically phosphorylate since it has the capability to bind ATP by using its intracellular segments (16) . HER3 has been found to be involved in the tumorigenesis and progression in many kinds of cancer. A study by Lee-Hoeflich et al demonstrated that HER3 formed powerful carcinogenic dimers with HER2, and that HER3 was as important as HER2 in promoting proliferation of HER2-overexpressing breast cancer cells (17) . The cooperation between HER2 and HER3 is unique, but the underlying molecular mechanism still needs further study.
NRG1 acts as a ligand of HER3 and promotes the interaction of HER2/HER3 (18) . NRG1/HER3 has been confirmed to promote cell proliferation through autocrine or paracrine modes in ovarian and colon cancer cells (19, 20) . There is less research on the effects of NRG1/HER3 of breast cancer cells. It has been found that NRG1 upregulated the expression of matrix metalloproteinase-1/matrix metalloproteinase-9 and promoted invasion of HER2-overexpressing breast cancer cells. One study showed that HER3 gene silencing downregulated NRG1 level and inhibited tumor cell invasion, and in turn, NRG1 gene silencing inhibited HER3 activity and cell proliferation (21) . This study indicated that HER3 promoted the proliferation of HER2-overexpressing breast cancer cells in an NRG1-dependent manner. Moreover, a study by Göstring et al demonstrated that the activation loop of NRG1/HER3, independent of HER2, played a vital role in the proliferation process of HER2-overexpressing breast cancer cells (22) .
In light of the promoted role NRG1/HER3 has in the proliferation of HER2-overexpressing breast cancer cells, the inactivation of NRG1-dependent HER3 signal path must play an important role in the inhibition of tumor cell growth when trastuzumab downregulates HER2. Otherwise, primary resistance to trastuzumab would occur. The study was performed to determine the role of NRG1-dependent HER3 activation in primary resistance to trastuzumab, and to clarify the inhibitory effect of HER3 monoclonal antibody on HER2-overexpressing breast cancer cells. HER2 and HER3 were both highly expressed in MDA-MB-453 and BT474 cells. One reference showed that MDA-MB-453 belongs to HER2-enriched subtype based on the PAM50 gene signature (23) , and it was also shown as intrinsic trastuzumab-resistant, HER2-positive breast cancer cell line (24, 25) . Thus, we chose BT474 and MDA-MB-453 cell lines as our research objective.
Materials and methods
Cell culture, reagents and antibodies. BT474 and MDA-MB-453 cell lines were purchased from the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences. BT474 cells (26) were cultured in DMEM/high-glucose medium. MDA-MB-453 cells (11) were cultured first in L-15 Leibovitz medium and then in modified RPMI medium. 1% penicillin-streptomycin and 20% FBS were added to all media. The cells were cultured in a petri dish at 37˚C and in a humidified atmosphere containing 5% CO 2 . After incubation without FBS for 4 h, the cells were treated with anti-human HER2 antibody trastuzumab (Herceptin) (54 µg/ml) for 0.5 h, anti-HER3 monoclonal therapeutic antibody (clone 3D4) (5 µg/ml) for 2.5 h, and recombinant NRG1 (100 ng/ml) for 10 min.
Trastuzumab (Herceptin) was purchased from Shanghai Roche Pharmaceuticals Co., Ltd. The anti-human HER3 monoclonal antibody (clone 3D4) was generously provided by Beijing Cotimes Biotech Co., Ltd. Recombinant NRG1 was purchased from Cell Signaling Technology. Primary antibodies to p-HER2/ErbB2 (Tyr1196) (1:1500), HER2/ErbB2 (1:1500), p-HER3/ErbB3 (Tyr1289) (1:1500), HER3/ErbB3 (1:1500), p-Akt (Ser473) (1:1500), Akt (pan) (1:1500), p-MAPK (Thr202/Tyr204) (1:1500), MAPK (1:1500) were purchased from Cell Signaling Technology. β-actin rabbit polyclonal antibody (1:1500) was purchased from Beijing Guan Xing Yu Sci-Tech Co., Ltd. Peroxidase-conjugated AffiniPure goat antirabbit IgG (H+L) (1:5000) was purchased from zSGB-Bio.
SDS-PAGE and western blotting.
After BCA quantitative operation, cell proteins were boiled at 99˚C for 5 min in 5X buffer with protein phosphatase inhibitor (1:100) and then electrophoresed on a 10% SDS-PAGE gel. Target protein was transferred to a polyvinylidene fluoride membranes, and the membrane was blocked with skim milk (5%) for 1 h. After 2 washes with phosphate buffer solution (PBS), membranes were incubated with primary antibodies at 4˚C overnight. After 3 washes with PBS, membranes were incubated with peroxidase-conjugated second antibodies for 1 h. After 3 washes with PBS, membranes were colored using the Immobilon Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA, USA).
RNA interference transfection in MDA-MB-453 cells.
A small interfering RNA (siRNA) targeting human HER3 was purchased from Gene Pharma Co., Ltd. (Shanghai, China). siRNA transfection was performed in 6-well plates using Lipofectamine™ 3000 Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's protocols. Approximately 4000-5000 cells were seeded on each well on 6-well culture plate, and allowed to adhere overnight in supplemented medium. Lipofectamine 3000 Reagent (7.5 µl) was diluted in Opti-MEM™ Medium (125 µl), and mixed well. Dilute DNA in Opti-MEM and mix well to prepared DNA master mix. Mix diluted DNA and diluted Lipofectamine 3000 Reagent (1:1 ratio) in one tube and set to incubate for 10-15 min at room temperature. DNA-lipid complex was then added to cells, which were set to incubate cells for 48 h at 37˚C.
Apoptotic assay.
Approximately 70% of the cell density per well were seeded on 6-well plates. The two types of cells, including the positive and negative controls, were incubated with different reagents for an appropriate time to induce apoptosis, followed by 2 washes with PBS, and then separated the cells from the well with 450 µl of 0.25% trypsin-EDTA solution and re-suspended with 200 µl of their respective culture medium. After that, 100 µl of cells in suspension and 100 µl of Muse™ Annexin V and Dead Cell Reagent was added to each tube and incubated for 20 min at room temperature. Finally, the percentage of apoptotic cells was detected using the Muse Cell Analyzer (Muse 1.4 Analysis, Millipore).
Cell viability assay.
Approximately 10000 cells per well were plated onto 96-well plates, and adhered at least 24 h in culture medium. The treatments were divided into four groups (control group, HER3 antibody alone group, trastuzumab alone group, and trastuzumab combined with HER3 antibody group) in a range of drug concentrations (0.1, 1, 10, 100 and 1000 nM), and then incubated for 48 h in the presence or absence of NRG1 (5 nM). The final live cell number was determined by thiazolyl blue tetrazolium bromide (MTT; Amresco LLC, Solon, OH, USA).
Statistical analysis. GraphPad Prism 5.01 (GraphPad Software Inc., USA) were used to perform the statistical analysis. Data obtained from western blotting were analyzed by AlphaView SA 3.4.0 (Protein Simple, San Jose, CA, USA). The comparison between any two groups was determined by unpaired t-test or one-way ANOVA. A P-value of <0.05 was considered to indicate a statistically significant difference. Each experiment was repeated at least three times.
Results

Activation of NRG1-dependent HER3 abolished inhibitory effects of trastuzumab in BT474 cells. Without NRG1
stimulation, the expression of p-HER2 was significantly downregulated by trastuzumab (P<0.05), whereas, the inhibitory effect of trastuzumab disappeared after NRG1 stimulation (Fig. 1) . The HER3 antibody could not downregulate p-HER2 expression before NRG1 stimulation, but it showed a slight downregulation effect after NRG1 stimulation. The expression of p-HER3 was significantly increased after NRG1 stimulation (Fig. 1 ). The HER3 antibody had an inhibitory effect on p-HER3 before NRG1 stimulation, however, the downregulation role was significantly enhanced after NRG1 stimulation (P<0.01). The HER3 antibody combined with trastuzumab showed synergistic inhibitory effect on p-HER3 (Fig. 1) .
After BT474 cells were stimulated with NRG1, the expression of p-Akt was upregulated. In the absence of NRG1 stimulation, the expression of p-Akt was significantly downregulated by trastuzumab and HER3 antibody (P<0.01), but the inhibitory effect of trastuzumab was superior to that of the HER3 antibody. Whereas, with NRG1 stimulation, the inhibitory effect of trastuzumab decreased and the inhibitory effect of the HER3 antibody became more obvious (P<0.01). Combined application of the two antibodies showed synergistic effect (Fig. 1C and D) . Without stimulation of NRG1, the expression of phospho mitogen-activated protein kinase (p-MAPK) was inhibited by trastuzumab in BT474 cells. The inhibitory effect of trastuzumab disappeared after NRG1 stimulation, however, the HER3 antibody showed significant downregulation effect (P<0.01) (Fig. 1E) .
NRG1-depedent HER3 antibody inhibited p-HER2/p-HER3/p-Akt(p-MAPK) pathways in MDA-MB-453 cells.
The expression of p-HER3 and HER3 was significantly increased after NRG1 stimulation. The expression of p-HER2 and p-HER3 was not downregulated by trastuzumab without or with NRG1 stimulation (Fig. 2) . After NRG1 stimulation, the expression of p-HER2 and p-HER3 were significantly downregulated by the HER3 antibody (P<0.01) ( Fig. 2A and B) .
In the absence of NRG1 stimulation, trastuzumab and HER3 antibody significantly downregulated the expression of p-Akt (P<0.01), and trastuzumab combined with the HER3 antibody seemed to have a synergistic trend (Fig. 2C) . By adding NRG1 stimulation, the expression of p-Akt was significant increased, and the HER3 antibody significantly downregulated the raised p-Akt expression, moreover, the HER3 antibody combined with trastuzumab showed significant synergistic effect (P<0.05) (Fig. 2D) . After NRG1 stimulation, trastuzumab did not downregulate p-MAPK expression, however, the HER3 antibody still significantly downregulated p-MAPK expression (P<0.01) (Fig. 2E) .
The silencing role of siHER3 in MDA-MB-453 cells.
The expression of HER2, HER3, Akt and MAPK was detected by western blotting after silencing HER3 gene in MDA-MB-453 cells. The results showed that the expression of p-HER3 was significantly downregulated after HER3 gene silencing. The expression of p-HER2, p-Akt and p-MAPK was also downregulated compared to the control (Fig. 3) .
NRG1-depedent HER3 antibody promotes early apoptosis.
Trastuzumab significantly induced an increase in the proportion of early apoptosis in BT474 cells without NRG1 stimulation (P<0.05). After NRG1 stimulation, the role of trastuzumab significantly decreased. However, HER3 antibody significantly promoted early apoptosis of BT474 cells compared to the control (P<0.05). The combination therapy did not show synergistic effect (Fig. 4) . In the absence of NRG1 stimulation, trastuzumab and HER3 antibody seemed to mildly induce an increase of early apoptosis in MDA-MB-453 cells. However, combined therapy showed significantly synergistic effect (P<0.05). After NRG1 stimulation, early apoptosis of MDA-MB-453 cells was not affected by trastuzumab, but it was significantly promoted by the HER3 antibody when compared to the control (P<0.01). The combined therapy seemed to have a synergistic trend (Fig. 5) .
HER3 antibody combined with trastuzumab synergistically inhibits cell viability. In BT474 cells, with the increase of drug concentration, the inhibitory effect of trastuzumab on cell viability was gradually enhanced. While the effect of trastuzumab on MDA-MB-453 cells was weak and stable, even the drug concentration increased to 1000 nM. The inhibitory effects of trastuzumab on cell viability are different between the two cell lines. After NRG1 combined with trastuzumab, the cell viability was significantly increased in BT474 cells (Fig. 6A) , however, this significant increase was not observed in MDA-MB-453 cells (Fig. 6D) . With NRG1 stimulation, the combined therapy showed significantly inhibitory effect compared to trastuzumab treatment when the dosages were higher than 1 nM in BT474 and MDA-MB-453 cells (Fig. 6C  and F) . Synergistic inhibitory effect of combined therapy was observed at the concentration of 10 nM in BT474 cells after NRG1 stimulation and at the concentration of 1 nM and 10 nM in MDA-MB-453 cells before NRG1 stimulation ( Fig. 6C and E) .
Discussion
HER3 was initially thought to be functionally passive and clinically insignificant. Currently, research has confirmed that HER3, as a functional activator, has the ability to activate recipient kinase (15) . Moreover, HER3 is proved to be involved in tumorigenesis and progression, it may serve as a new therapeutic target (27) . The research significance and clinical value of HER3 are becoming more and more important. A study by Lee-Hoeflich et al demonstrated that simultaneous downregulation of HER3 and HER2 was crucial in inhibiting proliferation of HER2-overexpressing breast cancer cells (17) . Resistance to trastuzumab, which functions to block HER2, is a serious problem faced by clinicians. Therefore, the goal of our study was to analyze the role NRG1-depedent HER3 activation has on inducing trastuzumab resistance and the inhibitory effect of HER3 monoclonal antibody on HER2-overexpressing breast cancer cells.
In absence of NRG1 stimulation, trastuzumab significantly downregulated the expression of p-HER2 and induced an increase in early apoptosis in BT474 cells. After NRG1 stimulation, the inhibitory effects of trastuzumab disappeared. However, we observed that the expression of p-HER3 was increased after NRG1 stimulation. The addition of HER3 antibody significantly downregulated the expression of HER3 and induced an increase in early apoptosis. The data suggest that the p-HER3 upregulation, stimulated by NRG1, may counteract the p-HER2 downregulation effect caused by trastuzumab, potentially leading to trastuzumab resistance. A study by Garrett et al showed that trastuzumab and lapatinib double blockade of HER2 caused a transcriptional and posttranslational upregulation of HER3, partially offsetting the targeted inhibition efficacy of HER2-directed therapies (28) . Our result coincides with that of Göstring et al, who concluded that the activation loop of NRG1/HER3 played a vital role in the proliferation process of HER2-overexpressing breast cancer cells, independently of HER2 (22) . Trastuzumab did not downregulate p-HER2 or p-HER3 and had no effect on apoptosis before or after the addition of NRG1 to MDA-MB-453 cells, confirming that MDA-MB-453 cells were indeed resistant to trastuzumab. After NRG1 stimulation, the HER3 antibody significantly downregulated p-HER2 and p-HER3 and significantly promoted apoptosis in MDA-MB-453 cells, indicating that the inhibition of NRG1/HER2/HER3 led to the apoptosis of MDA-MB-453 cells. Therefore, the activation of NRG1/HER3 may be one of the key factors causing primary resistance to trastuzumab in MDA-MB-453 cells. A study by Wu et al showed that antisense oligonucleotide (EzN-3920) could sustain an anti-proliferation effect in trastuzumabresistant cells by effectively downregulating the expression of HER3 (29) . A study by Ebbing et al showed that the metalloproteinase ADAM10 activated HER3 and downstream signaling by releasing NRG1 from the cell membrane and induced resistance to trastuzumab (30) . These studies suggest that NRG1/HER3 was closely related to trastuzumab resistance, and the inhibition of HER3 might reverse trastuzumab resistance. Moreover, after the silencing of HER3 gene, the expression of p-HER2, p-HER3 and the downstream proteins p-Akt and p-MAPK were significantly downregulated, consistent with the inhibitory effect of HER3 antibody.
For HER3 antibody (3D4), apoptotic-promoting effect was not present before NRG1 stimulation, but it was observed after NRG1 stimulation in MDA-MB-453 cells, indicating that HER3 antibody might reverse NRG1 initiated primary resistance to trastuzumab. A study by Leung et al showed that lapatinib, a HER1/HER2 small molecule tyrosine kinase inhibitor, could not continuously inhibit the signaling pathway of HER dimers. The elevation of NRG1 was observed in resistance process, whereas the addition of the HER3 antibody SPG1 effectively reversed the resistance to lapatinib (31) , which was almost in line with our findings. A study by Xia et al showed that NRG1-positive expression was an independent negative predictive factor for HER2-overexpressing breast cancer, indirectly hinting that NRG1-dependent HER3 activation might promote the progression of breast cancer (32) .
The expression of p-Akt and p-MAPK was downregulated by the HER3 antibody in BT474 and MDA-MB-453 cells after NRG1 stimulation. These results suggest that NRG1-dependent HER3 inducing the primary resistance to trastuzumab was mediated by Akt and MAPK-related signaling pathways. A study by Dey et al showed that simultaneous inhibition of the HER2 and PI3K/Akt/mTOR signaling pathways was more effective than the single inhibition of HER2 (33) . A combination of the new Akt inhibitor AzD5363 and the EGFR/HER2/ HER3 inhibitor AzD8931 synergistically inhibited the proliferation of HER2-overexpressing breast cancer cells (34, 35) , and S100P induced trastuzumab resistance by activating the RAS/MEK/MAPK signaling pathway (36) . These findings were consistent with our results that the HER3 antibody promoted apoptosis in MDA-MB-453 cells by downregulating Akt and MAPK phosphorylation. Therefore, HER3 antibody reversed NRG1-induced trastuzumab primary resistance by interfering with the phosphorylation of HER3, blocking the formation of heterodimers, and downregulating p-Akt and p-MAPK in the downstream signaling pathway.
HER3 targeting therapy is rapidly developing. Sensitivity of colorectal cancer DiFi cells to cetuximab was restored by Patritumab, a HER3 monoclonal antibody, which functions by inhibiting the activity of NRG1/HER3 (37) . HER3 monoclonal antibody LMAb3 fully inhibited proliferation of trastuzumabresistant SKOV3-T cells by downregulating the activity of HER3 and its related signaling proteins (38) . Wang et al reported that HER3 monoclonal antibody and trastuzumab have synergistically inhibitory effect in HER2-positive gastric cancer cells (39) . A study by Canonici et al showed that the irreversible panHER inhibitor Neratinib reversed trastuzumab-resistance (40) . In our study, we found synergistic effects between trastuzumab and HER3 monoclonal antibody (3D4) in the inhibition of cell viability in both BT474 and MDA-MB-453 cells after NRG1 stimulation.
In conclusion, NRG1/HER3 activation is one of the key factors inducing primary resistance to trastuzumab in HER2-overexpressing breast cancer cells. The HER3 antibody may reverse trastuzumab primary resistance by significantly inhibiting the activation of NRG1-dependent HER3. Because of the diversity and complexity of the HER family and the signal transduction pathways, the combined targeted drugs or multi-targeted drugs treatment may become the trend in the future. Trastuzumab combined with HER3 monoclonal antibody may be a treatment choice for patients with primary resistance to trastuzumab.
